With this reaction, the NP acts both as a scaffold and catalyst to facilitate the cross-linking of linear polymers with propargyl ether side chains. Specifically, it has been postulated that hydroxy groups, formed from the hydrolysis of the propargyl ethers, add to the alkynes adsorbed on the gold surface, leading to cross-linking of the polymer. [2] Importantly, the NP core can be subsequently removed to form hollow polymer nanopods. These structures, which are highly adaptable through choice of polymer and AuNP template, show promise for many applications, spanning molecular diagnostics, [3] drug delivery, [4] materials synthesis, and colloidal crystal design.
[5]
However, before they can be fully utilized, methods for functionalizing them with bioactive structures must be developed. In this regard, we have devised methods for making nanopods from oligonucleotides with modified bases to generate polyvalent oligonucleotide nanostructures, which now constitute an entire class of single-entity intracellular gene regulation agents. [6] Herein, we address the challenge of creating nanopods functionalized with antibodies (Abs) by creating a class of materials, termed immunopods (IPs), structures that can be made from Abs and the appropriate linear polymers with propragyl ether side chains in a one-pot fashion, and then explore their ability to selectively target cells. IPs are important entries in the class of structures that can be made by gold-particle surface-templated and catalyzed approaches since they can enable a wide variety of pharmaceutical studies and potential applications.
Given the broad utility of Ab-NP conjugates, many strategies to attach an Ab to surfaces have been developed. These strategies largely fall into two categories: specific and nonspecific. [7] In nonspecific attachment methods, van der Waals or electrostatic interactions are typically utilized. However, successful in vivo application often requires structures that do not nonspecifically bind to cells, making surfaces composed of nonsticking materials such as polyethylene glycol (PEG) or poly-N-vinylpyrrolidone (PVP) highly desirable. Therefore, nonspecific adhesion of antibodies to these materials is often ineffective. To functionalize NPs by using specific interactions, both covalent and noncovalent forces have been exploited. For example, biotinylated Abs have been routinely used to modify streptavidin (SA) coated surfaces. [8] Caruso and co-workers have recently shown by using click chemistry that monoclonal Abs can be conjugated through a PEG tether to nonfouling PVP nanocapsules. [9] Meier and co-workers demonstrated efficient and selective functionalization of 4-formylbenzoate-functionalized polymersomes with antibodies containing 6-hydrazinonicotinate acetone hydrazine moieties. [10] Other common approaches include carbodiimide coupling, aldehyde/amine coupling, and thiol/maleimide coupling.
[7b] However, many useful conjugation strategies require Ab modification, before surface functionalization, which not only increases the complexity, but also the cost of preparation. Herein, we show how IPs can be rapidly made by using the aforementioned catalytictemplating approach by sequentially coadsorbing the antibody and polymer during the nanopod synthesis. We postulated that amine-rich antibodies could act as the nucleophiles that are essential in the cross-linking step (normally hydroxy groups), thereby incorporating native Abs into the polymer shell in a one-pot fashion (Figure 1 ).
To test this hypothesis, we designed a two-protein-based model system that one can use to evaluate the successful incorporation of the proteins in a bioactive form within the polymer shell. The model system uses SA as a surfaceanchoring moiety and horseradish peroxidase (HRP) as a reporter moiety (Figure 2 A) . If the two proteins are success- fully incorporated into the nanopods, incubation on a biotincoated surface would lead to their immobilization, and the HRP can then catalyze the oxidation of tetramethylbenzidine (TMB) by H 2 O 2 , producing an intense blue color which can be visually examined. Failure of either protein to be incorporated into the nanopod shell or the loss of protein function would result in a negative (colorless) readout. The synthesis begins by allowing the proteins to adsorb onto 10 nm AuNPs, prepared by literature methods. [11] Dynamic light scattering (DLS) studies confirmed the adsorption by showing an increase in the particle size from (10.2 AE 1.8) nm (citrate-stabilized AuNP) to (18.6 AE 3.1) nm, as expected from the respective sizes of the AuNP, SA (52.8 kDa, ca. 4 nm), and HRP (44.2 kDa, ca. 4 nm). Addition of polymer 1 to the protein-gold conjugates does not result in a significant change in the size ((18.9 AE 4.1) nm) which suggests that the proteins remain on the surface of the AuNP, as opposed to being displaced by the polymer (a polymer-coated AuNP has a diameter of (12.2 AE 0.5) nm). After overnight stirring at room temperature, excess protein and polymer was removed by iterative centrifugation and subsequent resuspension of the AuNPs. The AuNP cores were then removed by oxidative dissolution in the presence of KCN and O 2 . The resulting solution contains structures that have an average hydrodynamic diameter of (21.9 AE 1.3) nm, which is consistent with the conclusion that the proteinnanopod conjugates had formed. The slight size expansion post-dissolution of the gold is also consistent with our previous findings involving DNA-modified structures. [6] Throughout the dissolution process, the solution remained red in color, indicating that a protective layer is formed around the AuNPs. Control samples lacking the polymer turn purple instantly upon addition of KCN (1 mm final concentration), as a result of NP destabilization and aggregation. [12] To prove that the proteins were incorporated into the polymer shell, a colorimetric assay was performed that requires the function of both proteins. The SA-HRP nanopods and controls were incubated over a biotin-functionalized surface, followed by washing under sonication using 1x phosphate-buffered saline with 0.05 % Tween-20. The surface was then treated with a TMB/H 2 O 2 developing solution. Indeed, SA-HRP nanopods gave a positive readout (blue color), indicating the successful formation of the desired structures (Figure 2 B) . Conversely, control samples lacking either SA or polymer 1 did not show the blue color, ruling out the possibility of nonspecific HRP binding to the surface. Another series of controls involve particles containing the AuNP cores. Again, a lack of SA in the polymer particle leads to a colorless solution. However, in the absence of polymer 1, the solution still turns blue since the AuNP can act as a support for the proteins. These results are also consistent with the conclusion that the SA-and HRP-cross-linked nanopods have successfully formed. In addition, the synthesis allows one to conveniently control the size of the conjugate. For example, we synthesized relatively monodisperse (44.6 AE 3.3) nm SA-HRP nanopods from (28.2 AE 0.5) nm AuNP templates (see the Supporting Information). Tang and coworkers have recently developed a novel protein nanocapsule by interfacial polymerization, which forms a polymer "cocoon" around the protein that serves to protect it from proteolysis.
[13] The method described herein yields nanopod structures that are distinct from such protein-encapsulated entities; indeed, the proteins in the nanopods are incorporated in their walls and still capable of interacting with antigens.
With these results demonstrating that the entrapped proteins remain active, we designed and synthesized prototypical IPs. We chose the human epidermal growth factor receptor 2 (HER2), a member of the ErbB protein family, as the target antigen. This cell membrane surface-bound receptor tyrosine kinase is involved in signal transduction pathways leading to cell growth and differentiation. [14] Overexpression occurs in approximately 30 % of breast cancers, [15] as well as other cancers such as ovarian cancer, stomach cancer, and biologically aggressive forms of uterine cancer. Consequently, HER2 is of significant diagnostic and therapeutic importance.
To enable direct, optical observation of the polymer component of the IPs, polymer 1 was tagged with fluorescein 488-azide by using Cu I -catalyzed click chemistry at a 1:1 polymer/dye molar stoichiometry. The formation of anti-HER2 IPs was monitored and confirmed by DLS ( Figure S1 in the Supporting Information). After polymer and antibody adsorption, cross-linking, and subsequent core removal, the resulting IPs are (22.8 AE 2.2) nm (10 nm template) and (41.0 AE 2.9) nm (30 nm template). TEM images of the anti-HER2 IPs confirms the removal of the gold cores and show a spherical morphology (Figure 3 A and S2 in the Supporting Information). Using fluorophore-labeled Abs and polymer, we determined the average number of Abs and polymer chains per particle type. For the 10 nm AuNP-templated IPs, each particle contains on average 3 Abs and 18 polymer chains, while the larger 30 nm AuNP-templated IPs have 22 Abs and 104 polymer chains per particle.
To determine if the Abs were stably incorporated within the walls of the IPs, we subjected the IPs to native polyacrylamide gel electrophoresis (PAGE) and sodium dodecyl sulfate PAGE (SDS-PAGE), using free Abs and Ab/polymer mixtures as controls. The Abs and IPs can be visualized by Coomassie blue staining and fluorophore excitation, respectively. If van der Waals interactions are responsible for maintaining the structural integrity of the IPs, high surfactant concentrations (10 % w/v SDS) are expected to free the Abs from the IPs. Without heat-denaturation, free Ab displays a single band (Figure 3 B a) . The control mixture containing free Abs and polymer shows two respective bands, one for the Abs under white light and one for the polymer under fluorescent light, under identical conditions, indicating that they have little interaction in solution, or that their interaction can be eliminated by SDS. Importantly, the IPs show only one band of much higher molecular weight, consistent with covalent cross-linking of the Abs within the walls of the nanopod. A small amount (< 6 % by band density analysis) of free Abs is also observed. To test if the IPs remain a single entity under even harsher conditions, we attempted to denature the samples at 95 8C for 5 min, where the light chain and heavy chain of the Ab are known to separate in the presence of SDS. [16] Remarkably, the majority of the denatured Ab chains (ca. 78 %) remain attached to the polymer nanopod, while a small amount dissociate, as shown by faint bands in the gel electrophoresis analysis (Figure 3 B b, left  panel lane 3) . These results are consistent with our hypothesis that the proteins are involved in covalent cross-linking within the polymer nanopods, likely through the hydroamination, hydroalkyoxylation, or hydrothiolation of the polymer alkynes by the respective nucleophilic side residues of the antibody (lysine, serine, or cysteine). [2a, 17] Having demonstrated that the IPs are stable in solution, we investigated if the IPs are capable of binding to target molecules. We designed and performed a competitive binding assay to quantitatively measure the relative binding affinity of the IPs. In this assay, free, biotin-functionalized Abs and IPs were mixed at various ratios, and allowed to compete for surface-immobilized HER2. Thereafter, a SA-HRP conjugate was used to detect the biotin-Ab. Apparent dissociation constants ((K d ) app ) can be derived from the binding isotherms ( Figure S3 in the Supporting Information). We found that the (K d ) app value for IPs is 6.7 times that of the biotin-Ab, likely because of the higher steric hindrance on the surface of the IPs. In contrast, bovine serum albumin (BSA) and anti-His IPs (off-target IPs) show ca. 4000-fold higher (K d ) app values, as a result of nonspecific binding. Therefore, the IPs can still be considered as good binders.
To test cancer cells targeting in vitro, we incubated MCF-7 cells expressing HER2 (human breast adenocarcinoma cell line) for 30 min at 4 8C with IPs at a concentration of 10 nm, followed by staining with a Northern Light 637 (NL637) labeled secondary antibody. A free Ab/polymer mixture (1:6 molar ratio, identical concentration as IP) was used as a negative control. We tracked the Abs and the fluoresceinlabeled polymer nanopods independently by confocal fluorescence microscopy. Strikingly, while both control samples and the IPs exhibit fluorescence from the secondary antibody, only the IPs show significant fluorescence emitting from the polymer nanopods; the fluorescence of the polymer also colocalizes with the antibody fluorescence (Figure 4 A) . Minimal polymer fluorescence was observed for the control sample. In contrast, anti-His IPs gave no fluorescent signals in both channels.
These observations are further confirmed by flow cytometry. Cells treated with IPs show 18.5 times more Ab fluorescence and 3.8 times more polymer fluorescence than free-polymer-treated cells, while cells treated with free antibody/polymer control mixture only exhibit Ab fluorescence (Figure 4 B ). An interesting observation is that the IP-treated cells show 2.8 times more Ab fluorescence than those treated with the control mixture, which contained free Abs. This observation is likely because the IPs contain multiple copies of Abs. Because the total number of HER2 proteins presented on the surface of the cell is limited, binding to the IPs results in greater fluorescence since more Abs are immobilized as compared to the free Ab case (there are three Abs per IP).
In conclusion, we have developed a convenient, one-pot method to create IPs, polymer nanopods cross-linked with native Abs, which remain biologically active. These structures can be made with tight control over their size and dispersity by virtue of the AuNP templates. Importantly, this strategy, in principle, can be expanded to other alkyne-bearing polymers, proteins, or other biomolecules to create a very diverse and potentially useful new class of bioconjugates.
